Abstract. Regulation of the mouse sex-limited protein (Sip) gene is unusual in that hormone response is conferred by the 5' LTR of an upstream inserted provirus, dubbed the imposon (impl). In a search for additional genes whose regulation has been affected by retrotransposition events, we isolated two partial proviral elements by stringent screening of a mouse genomic library. One clone (imp2) contained a portion of the envelope gene and a 3' LTR that was nearly identical to the 3' LTR of impl; this similarity extended to insertion into a B 1 repetitive element. The second proviral clone (imp3) contained a 5' LTR and associated coding sequences, but lacked its 3' LTR; the LTR of imp3 differed by 12% from the imp1 sequence. To assess potential hormone response, proviral enhancer regions cloned into reporter vectors were tested in transfection. The imp2 enhancer was similar in behavior to imp1, conferring both androgen and glucocorticoid induction in one fragment context and an androgen-specific response in another. In contrast, the imp3 enhancer allowed high expression in the absence of hormone and was less responsive to steroids in general and androgen in particular. These three proviral elements define a small family of steroid responsive proviruses in the mouse genome, and at least one member has had a lasting impact on an endogenous gene's regulation.
Introduction
Retroviral-like elements have had a significant impact on the eukaryotic genome, as demonstrated by the vast number and variety of repetitive chromosomal sequences derived from the conversion of RNA to DNA. In addition to a large effect on overall genome structure owing to this bulk of repetitive DNA, retrovirus-like elements themselves provide a rich source of genetic variation and potential for mutation of host genes. Examples of their effects underlie phenomena as diverse as color variegation in maize (McClintock 1956) , hybrid dysgenesis in Drosophila (Bingham et al. 1982) , and several instances of mammalian oncogenesis (Hayward et al. 1981) .
In both human and mouse genomes, endogenous proviruses and retrovirus-like elements number several thousand (Coffin 1984; Larsson et al. 1989) . Integration of these elements often disrupts endogenous gene expression, such as in the mouse dilute and hairless loci that are inactivated by Moloney murine leukemia virus (MuLV; Jenkins et al. 1981; Stoye and Coffin 1988) . Other insertions lead to gene activation, such as the classic example of c-myc activation in ALV-induced lymphoma (Hayward et al. 1981) . While many examples of effects on gene expression have been noted, few cellular genes have been found stably associated with retrovirus-like elements that influence their expression. This may be because most such insertions are deleterious or inherently
Correspondence to: D.M. Robins unstable, and thus lost from the population. However, it is also possible that such insertion events have gone unrecognized because they occurred long ago--remnants of earlier active particles may now be requisite components of wild-type gene expression. The large number of such elements in the genome, whose antiquity is seen in their significant divergence from active provimses (Dunwiddie et al. 1986) , fosters speculation on their role in evolution of endogenous gene expression (Robins and Samuelson 1992; Britten 1996) .
In the course of studying androgen regulation of the mouse sex-limited protein (Sip), a variant but functional complement component (Van Den Berg et al. 1992 ), we encountered a novel instance in which an ancient proviral insertion has conferred hormonal dependence on a cellular gene ). An androgen-responsive enhancer of Sip was localized 2 kb upstream of the transcription start site by several criteria: position of male-specific DNase I hypersensitive sites , hormone-dependent activity of a DNA fragment from this region in transfecfion assays (Loreni et al. 1988) , and abrupt sequence divergence of this region from the corresponding flank of the homologous but not hormonally regulated adjacent C4 gene . The enhancer proved to reside within the 5' LTR of an oppositely oriented provirus, whose full-length reveals vestiges of a C-type retrovirus, most similar to the MuRRS (routine retroviral-related sequences) family (Schmidt et al. 1985) . Sequence data, including divergence of the two LTRs, suggest that this element inserted millions of years ago and is linked to Slp in all lab mouse strains .
Given the effect of the Sip provirus in altering gene regulation in an evolutionarily stable manner, we were interested in the generality of this event. Therefore, we sought closely related proviruses that might similarly impose androgen-dependent regulation on neighboring genes. In a stringent screen, two additional retrovirus-like sequences were isolated from a mouse genomic library.
One element is highly similar to the Sip provirus, even in so far as its insertion into a B 1 element. While its enhancer is somewhat weaker than that of the Sip provirus, it retains preference for induction by androgen. The LTR of the other element isolated is more divergent in sequence; the enhancer region of this element confers much higher basal transcription in transfection, with less hormonal response above this level. These elements provide an opportunity to find evidence of further influences on the mouse genome, and to ask whether their regulation is evolving towards or away from androgen-dependence.
Materials and methods
DNA probes. Proviral DNA fragments for genomic library screening and Southern blot hybridizations were as follows. The LTR probe was a 500-bp DdeI fragment encompassing most of the 5' LTR of the Sip provirus, extending into the gag 5' untranslated region. The enhancer region probe was the 160-bp C'A2 fragment excised from a pGem3 subclone as a 180-bp BamHI-SacI fragment. A 250-bp XholI fragment within the envelope region of the provirus was used as the env probe. All fragments were electroeluted from agarose gels and labeled with a32p-dCTP by random priming with hexamers.
Southern blotting. Mouse genomic or phage DNAs were digested with 2-5 U restriction enzyme per txg DNA, fractionated by electrophoresis through agarose gels, and transferred to Gene Screen Plus (NEN) or Zetaprobe (Biorad) membranes. Mouse genornic blots were hybridized at 68~ for 12-16 h in 0.25 M NaHPO 4 (pH 7.5), 7.0% SDS, and washed to final stringencies of 0.5, 0.2, or 0.1 • SSC, 0.1% SDS, at 72~ as indicated in figure legends. Phage blots from which restriction maps were constructed were hybridized at 65~ for 2 h in RapidHyb solution (Amersham) and washed at 72~ in 0.1 x SSC, 0.1% SDS.
Library screening. A genomic library in ~.EMBL3 was constructed from B10.BR mouse liver DNA partially digested with Sau3A. Phage characterization. Phage DNA was prepared as described (Maniatis et al. 1982) . 2 i~g of DNA from each phage was digested with BamHI or BgllI, followed by SalI, separated on a 0.7% agarose gel, and transferred to Zetaprobe membrane with a Hoefer Scientific vaccublotter. Blots were baked at 80~ under vacuum, probed with C'A2 at 65~ for 2 h in RapidHyb solution (Amersham), and washed as before. For each phage, the BamHI or BgllI fragment with homology to C'A2 was subcloned into pGem4 (Promega). These and other phage subclones were sequenced with Sequenase, version 2 (USB), with either commercial T7 and SP6 primers or primers synthesized complementary to regions of the inserts based on obtained sequence. Sequence comparisons were made with the NIH, NCBI Blast system (Altschul et al 1990) .
Reporter constructs and transfection. Construction of C'A2tkCAT and C'A9tkCAT has been previously described (Adler et al. 1991) . The fragment equivalent to C'A2 from imp2 was obtained as an ApaI-Hinfl fragment, like C'A2 itself, and inserted into the pGem3-tkCAT vector (Stavenhagen et al. 1987) at the SmaI site. The equivalent fragment from the 3' LTR of impl was similarly cloned. The single base difference of imp2 within the HRE-3 sequence was introduced into C'A2, C'A9 and other constructs by PCR-mutagenesis with the T7 primer and the HRE-3 mutant oligonucleotide (HRE-3') TAGAGGATCCCCCTGAAA TAGCCTG. Resulting fragments were digested with BamHI and SacI and inserted into the similarly cleaved tkCAT vector. To examine separately the functional effects of differences between the four imp LTRs, fusions were created via a MamI site in the enhancer (at base 175 of the LTR, between the 12-b insertion and the 14-b deletion of imp2, and conserved in all four LTRs) and the BglI site in the ampicillin resistance gene of the plasrnid (see Fig. 7 for diagrammatic representation of the recombinants).
An ApaI-Hinfl fragment of imp3, subcloned into Sinai-cleaved tkCAT, generated a C'A9-1ike construct. A C'A2 equivalent from imp3 was obtained from this latter construct by joining the MamI-BglI fragment containing the 3' region of the enhancer through the CAT gene, to the MamIBgll fragment of C'A2 containing the 5' end of the enhancer. All reconstructed enhancers were sequenced for correctness.
Receptor expression vectors used in these experiments were mouse AR and rat GR, originally obtained from D. Tindall and K. Yamamoto, respectively, and subcloned into pCMV5 (Andersson et al. 1989) . The maintenance of CV-1 cells, transfection by DEAE-dextran, and performance of CAT assays were all as described previously (Adler et al. 1993) . Briefly, transfections contained 6 ixg reporter plasmid, 300 ng receptor plasmid, and receptors were activated with 10 -7 M dihydrotestosterone for AR or 10 -6 M dexamethasone for GR. All data points are derived from three to five independent transfections. Sip and C4 are tandemly duplicated genes, more than 95% identical in nearly 20 kb of sequence (Ogata and Zepf 1991) . The provirus, nicknamed imp1 (for imposonl), is oriented opposite to the Slp direction of transcription. The hormonally responsive enhancer region characterized within the 5' LTR is diagrammed below, showing several nonreceptor factor binding sites (FPIII, FPIV), as well as the hormone response elements HRE-1 (a half-site designated by an arrow) and HRE-3 (a palindromic consensus element indicated by the double-headed arrow). The 160-bp enhancer fragment C'A2 responds to glucocorticoid as well as androgen receptor, whereas the 120-bp subfragment C'A9 specifically responds only to androgen, as does the Slp gene in vivo.
Results
The provirus upstream of the mouse Slp gene is unusual in two regards. Firstly, it appears to have been maintained after chromosomal integration over evolutionary time, because the association with Slp is evident in all inbred lines of mice, and the sequences of the 5' and 3' LTRs, which should be identical following retroviral replication, diverge by at least 5% . Secondly, the provirus appears to have imposed hormonal regulation on Slp expression, because it is found associated with androgen-dependent, but not androgen-independent, Sip alleles (Stavenhagen et al. 1987) , and an androgen-responsive transcriptional enhancer has been defined within its 5' LTR (Adler et al. 1991) . A diagram of the provirus, imp1, in relation to Slp and its homologous neighbor C4 is shown in Fig. 1 . C'A2 is a fragment from the proviral enhancer region that confers steroid responsiveness on heterologous reporter genes in transfection; the C'A9 subfragment is selective in response only to androgen (Adler et al. 1992) .
To demonstrate further the antiquity of this proviral insertion, we examined Southern blots of DNA from several wild-derived mice (Fig. 2 ). C'A2 was used as a probe to reveal a subset of potentially hormone-responsive elements. The right lane of Fig. 2 contains B 10.D2 DNA, from which we first characterized genomic clones of this region; arrows indicate the 2.9-kb and 3.8-kb BamHI fragments that encompass the 5' and 3' LTRs, respectively, of impl. The 2.9-kb fragment has one terminus within the 5' untranslated region of Slp and the other in the gag region of the provirus, with 1.8 kb of Slp 5' flank in between (Stavenhagen et al. 1987 ).
These two bands, and additional hybridizing fragments, appeared similar in DNA from two t locus strains. These strains were of interest because their Chr 17, where Slp resides within the major histocompatibility complex, is nonrecombinogenic owing to several large inversions and may represent a more ancient Mus chromosome (Hammer et al. 1989 upstream of Slp inserted several million years ago in mouse evolution. The constancy of the 2.9-and 3.8-kb fragments relative to other hybridizing fragments suggests that the arrangement of this chromosomal region may be conserved for some reason.
Stringent hybridization with the C'A2 enhancer fragment of imp1 revealed a limited number of cross-hybridizing elements.
This was in contrast to hybridization with the entire LTR, which even at high stringency hybridized to many bands (Fig. 3) . We hypothesized that sequences most similar to C'A2 represent hormone-responsive, proviral LTRs that might be androgen specific in their response. To isolate such elements, we screened a genomic library from the B10.BR strain, which is congenic to B10.D2, differing only within the MHC region. No significant differences in the hybridization pattern of these two strains were evident with three proviral probes (Fig. 3) , and a discrete subset of bands was ) and the 5' end of Slp apparent with the C'A2 probe. The library was first screened for clones that hybridized to a 500-bp fragment encompassing the imp1 5' LTR. These phage were then rescreened with an env fragment to insure obtaining retroviral-like elements, and at high stringency with C'A2 to isolate elements with greatest similarity to the hormone-responsive enhancer. The plaques were also counterscreened with Slp cDNA to identify re-isolates of imp1. Two phage meeting these criteria, dubbed imp2 and imp3, were analyzed further; restriction maps of their respective 16-and 23-kb phage inserts are compared in Fig. 4 with the original imp1 and Slp. Southern blotting and partial sequence analysis of the inserts showed that each phage contained a single LTR and various extents of proviral coding regions. No matches to known genes in the database were found on the basis of preliminary analysis of nonviral regions of the subcloned inserts. These LTRs accounted for prominent bands that hybridized to C'A2 at high stringency (Fig.   3 ). The imp2 LTR is encompassed by a 6.6-kb BamHI and an 8-kb EcoRI fragment, the imp3 LTR is within a 3-kb BamHI and a 2-kb EcoRI fragment, and the imp1 LTRs, as described before, account for the 2.9-and 3.8-kb BamHI fragments, with the entire imp1 and Slp gene contained within a 30-kb EcoRI fragment. Thus, from the Southern blot data, we appear to have isolated the two proviruses in the genome most similar to the imposon. The degree of similarity was assessed by sequence comparison of the LTRs of imp1, 2, and 3 (Fig. 5) . As noted previously , the 5' and 3' LTRs of impl differ from each other by 5% in single base changes, by a 12-bp addition in the 3' LTR relative to the 5' LTR, and by 9 bp in the 5' LTR that are not present in the 3' LTR. Intriguingly, the 3' LTR of imp2 is nearly identical to the 3' LTR of imp1, differing only in one base (position 78 of the LTR) and lacking 14 bp more centrally. The 5' LTR of imp3 shows more extensive scattered base changes, about 12% relative to imp1, prior to extensive loss of similarity at the 3' end of the LTR. The imp3 LTR is similar to impl's 5' LTR in lacking the 12-bp insertion of both imp1 and imp2 3' LTRs, and contains the 9 bp missing from the two 3' LTRs. The differences of these LTRs within the C'A2 enhancer region are diagrammed in Fig. 5B .
In view of the surprising similarity of the 3' LTRs of imp1 and imp2, which is greater than the similarity of impl's 3' LTR to its own 5' LTR, these elements were compared further with respect to internal proviral coding regions and to chromosomal sequences at the insertion sites (Fig. 6) . A 180-bp sequence of imp2 from the end of the phage insert aligned with the 3' end of the pol gene of imp1 (Fig. 6A ) and showed significant base difference (nearly 20%), confirming that these elements are distinct and not nearly identical recent insertions. Both elements inserted into B1 repeti- Slp 5' flank is shown, numbered similarly to C4 5' flank (that is, excluding the 6027 bp of imp1), to the point of insertion of imp1. The chromosomal sequence adjacent to the 3' LTR of imp2 is aligned to reveal similarity of the insertion into a B 1 repetitive element (B 1 sequences are bold), with further sequence similarity beyond, prior to complete divergence. Functional elements within the 160-bp C'A2 fragment of the imp1 5' LTR are shown, with the 40-bp shorter C'A9 aligned below. These fragments are drawn in their orientation to the Slp gene, that is, inverted with respect to the LTR sequence above. The imp1 3' LTR has a 12-bp insertion relative to the 5' LTR; the imp2 3' LTR has this same insertion, a 14 bp deletion and a single base change within HRE-3. The imp3 5' LTR has scattered base changes throughout and lacks the insertion found in the two 3' LTRs.
tive elements (Fig. 6B) , with some further sequence similarity in the chromosomal sites prior to abrupt divergence. The B1 sequences themselves are not identical, and it is not without precedent for retrotransposons to insert within other transposed elements (Robins and Samuelson 1992) . Further examination of these two genomic regions may unravel what appears to be a nonhomologous recombination event(s) subsequent to proviral integration (see Discussion).
Since impl's enhancer confers androgen dependence on Sip expression (Adler et al. 1991) , we asked whether similar DNA sequences of imp2 and imp3 had the capacity to confer hormonal response on heterologous genes in transient transfection assays.
Analysis of the imp1 5' LTR has revealed that several elements are involved in hormonal response, including a near-consensus hormone response element (HRE-3), an HRE half-site (HRE-1), and multiple DNA binding sites for nonreceptor transcription factors (Fig. 1) . The nonreceptor factors, rather than the receptor binding site itself, determine the hormonal specificity of the enhancer: in the context of C'A9, the enhancer can be activated by androgen but not glucocorticoid receptor (AR, GR), whereas C'A2 can respond to both receptors (Adler et al. 1992 ). The region of C'A2 lacking from C'A9 (FPIII) confers a high basal (uninduced) expression and allows activation by GR as well as AR (Scheller et al. 1996) . Of the nonreceptor binding sites within the androgen-specific C'A9 subfragment, FPIV appears crucial on the basis of in vivo footprinting data (Scarlett and Robins 1995) .
Fragments equivalent to C'A2 and C'A9 were obtained from imp1 and imp2's 3' LTR and imp3's 5' LTR with conserved restriction enzyme sites, or were created by fusing portions of the other LTRs with C'A2 or C'A9 at the conveniently located MamI site (see Methods). The single-base T-to-C difference within the HRE-3 of imp2 was introduced in some plasmids with a mutagenic oligonucleotide. This set of enhancers driving the tkCAT reporter gene was transiently transfected into CV-1 cells, along with expression vectors encoding AR or GR, and incubated with or without the appropriate hormone for 44 h. CAT activity in cell lysates was determined as percentage conversion of input chloramphenicol to the acetylated form, for three independent transfections. The histogram of Fig. 7 shows CAT levels in the presence of hormone; basal activity of the plasmid in the absence of hormone and fold induction (activity with hormone relative to without) are tabulated to the right. Most C'A2-1ike enhancers (the upper four shown in Fig. 7 ) showed expression in the absence of hormone significantly greater than that of the tkCAT reporter without an enhancer (about 0.6% conversion under these conditions). These enhancers were moderately inducible, with androgen eliciting about a two-fold greater response than glucocorticoid. The 3' LTR of impl, differing solely by the 12-bp insertion, had lower uninduced expression than the 5' LTR, but attained similar induced levels of expression. The equivalent imp2 fragment had lower basal expression and was induced by androgen nearly tenfold, but was less than twofold responsive to glucocorticoid. Interestingly, when the T-to-C base change within HRE-3 was placed in the context of the original C'A2 (impl.HRE3'), the effect was to decrease induction by both hormones. In sharp contrast to imp1 and imp2, the C'A2-1ike fragment of imp3 (constructed with imp1 sequences at the 5' end by fusion at the MamI site) had a very high level of expression in the absence of hormone and was induced about 3.5-fold above that by either steroid.
By comparison with C'A2, C'A9 has negligible basal expression and is exquisitely sensitive to androgen but not glucocorticold. Introduction of imp2's single base change in HRE-3 into the context of C'A9 had little significant effect, whereas conjoining this with the 14-bp deletion increased the uninduced level of expression and reduced maximal activity obtainable with androgen. However, neither of these differences altered the fundamentally androgen-specific response of this fragment, lmp3, on the other hand, showed markedly better induction by glucocorticoid than by androgen as the truncated C'A9 fragment, with low basal expression as anticipated from the deletion of the C'A2-specific 5' end.
Integrating these data suggests that imp2, like imp1, is a weak enhancer in the absence of steroid, and shows a strong preferential induction by androgen, lmp3, on the other hand, is a strong general enhancer, moderately inducible by steroid, with no preference for androgen induction.
Discussion
The provirus upstream of the Slp gene, impl, provides an intriguing example of a mammalian retrotransposon that has become heritably associated with cellular gene regulation . New patterns of expression for the rat oncomodulin gene (Banville and Boie 1989) , a placenta-specific mouse gene (Chang-Yeh et al. 1991) , and the human amylase gene (Ting et al. 1992) are also now correlated with insertion of retrovirus-like elements. Although these known instances are few in number, the phenomenon may be more widespread, since it is estimated that more than 10% of the mammalian genome originated from reverse transcribed sequences (Nouvel 1994) . Further, as many as 5% of recessive mutations in inbred mice may be due to proviral insertions (Stoye and Coffin 1988) . We have explored the importance of retrotransposons in emergence of new regulatory networks in evolution by first isolating elements similar to impl and then assessing their potential for genomic impact by their hormonal induction of a reporter gene in vitro.
The usefulness of impl to probe for additional elements influencing genomic expression and evolution resides in both its age and the precise type of regulation conferred, lmpl's antiquity demonstrates at least some capacity for chromosomal stability, whereas more recent integration events may not be ultimately heritable.
That the chromosomal insertion of impl occurred several million years ago was first suggested by sequence variation between its LTRs and is supported here by hybridization to DNA from divergent mouse species. The occurrence in feral mice of a fragment similar in size to the one in lab strains that spans the impl-Slp intervening distance suggests that this gene arrangement existed prior to the separation of commensal and aboriginal species, estimated at 3-6 million years ago (Ferris et al. 1983) . Similarly, ancient insertions that have acquired integral functions in higher genomes include a novel repetitive element that is part of the coding sequence of human transaldolase (Banki et al. 1994 ) and copia-like elements found in the flanking regions of plant genes (White et al. 1994) . These insertions may differ in some way from the majority of currently active elements, such as copia in Drosophila or Moloney leukemia virus in mice, that cause many spontaneous mutations but are not found stably associated with endogenous gene expression (Bingham and Zachar 1989) .
The two additional elements isolated in this screen account for prominent restriction fragments on high-stringency genomic Southern blots. It is likely that unassigned bands on the blot rep-resent the additional LTRs of imp2 and imp3 that are not contained in the phage inserts. Thus, it seems that the criteria of this screen isolated the two closest relatives of impl and define a small proviral family. The origin of these elements, their relationship to each other, and the precise time of their chromosomal insertion cannot be determined without further sequence and phylogenetic comparisons, and particularly without obtaining the missing LTRs. Intriguing paradoxes are apparent, however. Most particularly, the 3' LTR of imp2 is more similar to the 3' LTR of impl than the impl 3' LTR is to its own 5' LTR. The sequence similarity extends past the B 1 element insertion site, but then abruptly breaks, and the pol regions of impl and imp2 diverge significantly. This suggests that a nonhomologous recombination event (perhaps gene conversion) encompassing the 3' LTRs occurred at the chromosomal level subsequent to integration. Recombination may have been accelerated by homology of B 1 elements, just as many mutations are caused by illegitimate recombination between the analogous human Alu sequences (Deininger 1989) , In contrast, the scattered 12% base difference between the imp3 and impl LTRs suggests a divergence time of several million years and supports the idea that these elements are vestiges of an ancient retroviral infection. Isolation of additional flanking sequences, as well as the missing LTRs, may illuminate the complex origin and relationship of members of the imp family.
Impl's hormone responsiveness, particularly its androgen specificity, is striking and provides an assay for functional as well as sequence relatedness of additional elements. It is not unusual for retroviruses to respond to steroid hormones; mouse mammary tumor virus and Moloney murine sarcoma virus have both been used as experimental models for steroid action (for example, Payvar et al. 1983; Miksicek et al. 1986 ). Sophisticated regulatory responses may allow virus-like elements to take advantage of growth stimulation of their host cells, as perhaps demonstrated by growth factor responsiveness of VL30s (Schiff et al. 1991) or homeobox binding sites in the Drosophila copia element (Cavarec and Heidmann 1993) . The imposition of steroid responsiveness by proviral insertion might reasonably account for several instances of sexually dimorphic liver and kidney gene expression in rodents, which is distinct from the regulation of these same genes in humans. An experimental advantage of finding androgen response capabilities in an LTR is that the sequence requirements may be more readily defined than for chromosomal cis-acting elements that may be dispersed over large distances. This has made the proviral enhancer of imp1 particularly useful in studying androgen-specific response, which has not been readily unraveled by analysis of cellular enhancers. The comparison of the structure and function of these enhancers allows clearer definition of DNA sequences required for steroid-specific response, as opposed to those involved primarily in strong basal transcription. The general behavior of the impl and imp2 LTRs in activation of a reporter gene is qualitatively similar, showing preferential response to androgen over glucocorticoid in the context of the longer C'A2 enhancer fragment, and stringent specificity in response to androgen in the C'A9 context. In contrast, imp3 exerts strong enhancement of transcription in the absence of hormone that is only somewhat inducible above those levels, with no greater effect of androgen than glucocorticoid. It is significant, therefore, that most of the sequence differences between these enhancers occur in the consensus HRE-3 receptor binding site and in the FPIV region, noted previously for its association with androgen-regulated Sip expression in vivo (Scarlett and Robins 1995) . The FPIV region is complex, encompassing a weak receptor binding site (HRE-1) and a site that binds several proteins in gel shift assays, including the ubiquitous transcription factor Oct-1 (Scarlett et al. 1997) . In imp3, the HRE-1 half-site is altered in two of six bases, and the Oct-1 similarity in three of eight bases, relative to impl. These differences are probably sufficient to disrupt protein binding at either or both sites and could account for the reduced steroid response in general and the loss of preferential activation by androgen receptor. In contrast, the single-base difference in HRE-3 between imp1 and imp2 has little effect on differential activation by androgen versus glucocorticoid receptor, and the additional imp3 difference, based on position, is unlikely to underlie the reduced response of that enhancer (Nordeen et al. 1990) . These natural enhancer variants may prove useful in elucidating further the requirements for androgen-specific activation, as they appear to distinguish between reduced specificity and reduced expression in general.
Among this family of elements, so far only imp1 is associated with expression of an endogenous gene, and whether the particular regulation conferred is an advantage or is simply neutral in evolution is not yet apparent. A possible influence on reproductive behavior of the mouse could arise from greater diversity of secretory proteins in urine. Alternatively, the androgen specificity may advance the selfish goals of the proviral elements, as efficient horizontal and vertical transmission could be accomplished by expression in the testis. Since imp1 and imp2 are androgen specific, and imp3 is not, further investigation may resolve whether these elements are evolving towards, or away from, hormonal specificity. Regardless of the direction, this may clarify the extent of co-evolution of retroviral and host genomes.
